A procedure for the extraction of intrinsic AC conductivity and dielectric constant of N87 Mn-Zn Ferrite samples based on impedance measurements and equivalent electrical circuit modeling by Todorova, Teodora et al.
> TPEL-Reg-2017-07-1291.R2 < 
 
1 
 
Abstract—The nature of losses in ferrites has not been fully 
revealed yet. To achieve means for further investigation of ferrite 
core loss due to E-field, we investigated the response of middle and 
side legs, cut from commercially available PQ core halves, to an 
applied electric field, by injecting a sine wave current in the 
samples. Using conventional laboratory instruments, we did 
impedance measurements in a wide frequency range (133 Hz ÷ 50 
MHz) at temperatures that are typical for power electronics (25°C, 
85°C, 100°C, 120°C). In the paper, we discuss a procedure for the 
extraction of intrinsic ac conductivity and dielectric constant of 
ferrites through an equivalent electrical circuit model based on the 
measured impedances. The examined material is of the grade N87. 
The measurements show a clear influence of the investigated 
shapes. The results obtained start to deviate from ‘true’ electrical 
properties at about 1 MHz. It appeared also that, the inspected 
ferrites exhibit different conductivity and dielectric constant 
depending on the core of origin. It is obvious then, that core shape, 
size and production batch all have an impact on the core losses, 
which appear to be influenced by the E-field even at frequencies 
below 1 MHz. 
 
Index Terms—Mn-Zn ferrite, N87, ferrite core modeling, ac 
conductivity, dielectric constant 
 
I. INTRODUCTION 
N-ZN M ferrites are widely used for the realization of 
magnetic components for switched mode power 
converters. In this respect, their properties continue to be an 
object of extensive research where losses in power cores are a 
subject of main interest. Researchers keep investigating for a 
better description of loss mechanisms in order to achieve more 
reliable estimation and prediction of their influence on 
electrical circuits both in physical and behavioral aspects [1]-
[6]. 
Common methods of describing power loss in ferrites 
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involve curve fitting such as Steinmetz’s equation and its 
derivatives [7]-[9]. This type of modeling has shown that the 
associated Steinmetz’s parameters vary from material to 
material. At the same time, for a given material, different 
waveforms, frequencies, flux densities, core size and 
temperature also lead to a change in the respective values. An 
obstacle to the evolution of such an approach is the fact that the 
significance of the various contributors remains hidden in the 
parameters, especially of those arising from the E-field. 
A more physically oriented way of approaching loss 
description is the core loss separation, where the components of 
hysteresis loss, eddy current loss and excess loss are treated 
separately [10], [11]. By recognizing dependencies of the share 
of each of these components, the observed loss becomes 
predictable. The hysteresis loss is linear with frequency [9], 
[10], [12] and much attention has been paid to developing 
hysteresis loop models of ferrite materials [1], [13], [14]. 
However, while work has been carried out on the estimation of 
the contribution of the other two components [12], the limited 
knowledge regarding the electrical properties of Mn-Zn ferrites 
impedes the respective application of this method for a core loss 
description. Manufacturers of commercially available ferrites 
[15], [16] normally do not provide information about frequency 
and temperature dependencies of conductivity and dielectric 
constant of the variety of ferrite grades. It is also noted that in 
scientific papers, the information is limited to particular grades 
[17], [18], which often does not regard a given ferrite of interest. 
In order to achieve means of further investigation of ferrite 
core loss due to E-field and its influence on magnetic 
components performance, we examined the response to an 
applied electric field of N87 ferrite samples – middle and side 
legs – cut from commercially available cores of PQ type. We 
aimed at extracting the intrinsic permittivity and conductivity 
which also to be available in a form suitable for circuit-based 
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analysis of magnetic components. At the same time, we 
expected to observe some dimensional effects [19], a 
dimensional resonance in particular. Due to Mn-Zn ferrites high 
permeability and large permittivity, that resonance is a major 
concern when regarding measurements of their intrinsic 
magnetic and dielectric properties [19]. 
In the frequency range below 1 GHz, common methods for 
evaluation of magnetic and dielectric properties are based on 
impedance measurements [20], where material samples are 
subjected to H-field and E-field, respectively. However, the 
dimensional resonance in Mn-Zn ferrites leads to the presence 
of both magnetic and electric fields in the volume of the sample, 
whatever the primary field is. The two fields excite the relevant 
material properties to manifest themselves. As a consequence, 
the measurements of Mn-Zn ferrites’ intrinsic dielectric 
properties are affected by the shape of the tested sample [19], 
[21]. For example, measurements of the complex permittivity 
conducted on a flat cylindrical sample lead to effective values 
instead of intrinsic ones [22], [23] already at too low 
frequencies. On the other hand, a thin plate is a more 
appropriate sample shape for the intrinsic dielectric properties 
evaluation in a broader frequency range [19], [23]. The cross 
section of the plate faces across which the E-field is applied 
must have a dimension that is a fraction of the wavelength in 
the material over the frequency range of interest [23]. These 
considerations justified our decision to cut samples from a PQ 
core type and not from other ones, such as E, U or I. The two 
different shapes were good candidates to meet our expectations 
– side legs to exhibit ‘true’ dielectric properties in a wide 
frequency range and middle legs to clearly show an influence 
of a dimensional resonance. According to [21], when the ferrite 
permeability has an effect on the measured dielectric properties, 
a resonance behavior appears in the impedance response of 
samples of larger cross section. However, when cores of smaller 
cross section are used this effect may not be apparent. 
In the literature, there have already been publications about 
techniques for the extraction of intrinsic properties of Mn-Zn 
ferrites from measured samples impedances [21], [23], [24], 
[25]. The approaches are either based on numerical calculations 
of Maxwell field equations according to considered sample 
geometry [21], [24], [25] or measurement results are directly 
utilized for the material properties extraction [23]. In some 
cases dimensional resonance is taken into account [21], [24]. In 
others, the frequency of its occurrence is not justified [23], [25]. 
What is common for all these approaches is that dielectric 
properties obtained come as vectors of discrete values. 
However, for circuit-based analysis it is more convenient if one 
has an equivalent electrical circuit of the object of interest. 
In the work presented here, results of impedance 
measurements are used for modeling of N87 Mn-Zn ferrite 
dielectric properties. The models then are used for the 
extraction of the intrinsic dielectric constant and conductivity. 
The modeling is performed by means of equivalent electrical 
circuits. In addition, equivalent circuit models that combine 
both dielectric and magnetic properties 7of cylindrical ferrite 
samples are obtained. The latter is an approach for 
representation of the dimensional resonance in terms of 
electrical circuits. By the use of these dimensional resonance 
circuit models the frequency up to which the properties 
extracted are intrinsic is validated, i.e. the frequency up to 
which the obtained equivalent electrical circuits reflect ‘true’ 
dielectric properties. The obtained models are suitable for 
analysis in the frequency domain. 
II. MEASUREMENTS 
A. Samples Under Test 
1) Shape and Size 
The samples under test (SUTs) are the middle leg and a side 
leg cut from PQ 40/40 core half and another pair of middle and 
side legs cut from PQ 50/50 core halves. The ferrite material is 
N87. Both SUTs shapes are depicted in Fig.1 along with a 
respective core half of origin. The tested samples’ dimensions 
are given in Table I (side legs samples are named side40 and 
side50 and middle legs – mid40 and mid50, where 40 and 50 
correspond to PQ40/40 and PQ50/50 core of origin, 
respectively). The volumes of the side legs are acquired by the 
equation 
 
 Vside=
mside
mmid
×Vmid (1) 
 
where Vside and Vmid are the volumes of the side and middle 
legs originating from the same core half; mside and mmid are the 
measured masses of the respective samples. The cross-sectional 
areas of the side legs are calculated using the so obtained 
volumes and the measured heights of the samples. 
 
 
Fig. 1.  Middle leg and side leg samples along with a respective core half of 
origin (PQ type) 
 
The areas perpendicular to the direction of the applied 
electric field (cross sections) are a circle of the mid- and a 
“banana” shape of the side leg, respectively. To realize a good 
electrical contact, after being cleaned with acetone, the contact 
surfaces were metallized with a silver paint. 
B. Measurement Setup 
By the use of an HP 8116A function generator and an RIGOL 
DS1104B oscilloscope we measured the impedances of the 
samples in the frequency range 133 Hz ÷ 50 MHz at several 
self-temperatures of the SUTs – 25°C, 85°C, 100°C, 120°C. For 
the commonly used square wave signals, harmonics also appear 
in the MHz range, and the considered temperature regimes are 
typical for power electronics data. We give the details of the 
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various aspects of the measurement approach in the following 
subsections. 
1) Measurement signals 
The physical appearance of the prepared experimental setup 
is depicted in Fig.2. Through the CC-FG coaxial cable, the 
sinusoidal test voltage VIN was applied to the load circuit which 
consisted of the SUT and a current-sense resistor RCS. The load 
current and load voltage were acquired by measuring the 
voltages VCS and VIN through the CC-VCS and CC-VIN coaxial 
cables that were directly connected to the scope. The three 
coaxial cables were approximately 30 cm long to prevent 
“long” transmission line effects over the whole frequency range 
under discussion. In addition, CC-VIN and CC-VCS cables were 
equally long to avoid non-equal delay of signals, which 
deteriorates the measurement accuracy. 
The internal impedance of the generator is 50 Ω. At high 
frequencies, the magnitude of the SUTs’ impedance becomes 
less than 10 Ω, whereas at low frequency it could get as high as 
2 kΩ. That is why, it was decided for the current sense resistor 
RCS to be 50 Ω – a value not too high to additionally limit the 
load current, at the same time preventing the generator from 
loading effect. 
The signal applied from the generator was 16 V peak to peak 
into high impedance load. However, due to the frequency 
dependent variations of the samples impedances, the amplitude 
of the applied signal lowered with frequency, reaching about 8 
V peak to peak at 50 MHz. At 25°C, the average value of the 
effective voltages across the samples was in the range 5 V ÷ 1 
V at the lowest to the highest frequency, respectively. The 
corresponding effective currents through the samples changed 
from 7 mA to 80 mA. 
 
 
Fig. 2.  Physical appearance of the prepared measurement setup 
 
2) Self-Temperature of the SUT 
To measure the impedances of the samples at different 
temperatures, we assembled a heating system, Fig. 3. The self-
temperature of the SUT was monitored by means of a NTC 
thermistor placed on the sample and manually controlled by 
varying the rate and temperature of the heat flow from the gun. 
A holder made of non-metalized FR-4 material kept the sample 
in the desired orientation within the volume of the heating 
system. An electrical connection extender (ECE) made of 
double-sided copper-clad board (material FR-4; 90 mm x 25 
mm x 1.5 mm) conneccted the SUT situated in the heated 
volume to the coaxial cables outside that volume. Two pieces 
of wire of approximately 1 cm length (length was dependent on 
the particular sample) connected the SUT’s copper terminals 
with the ECE. 
 
 
Fig. 3.  A heating system assembled to provide measurements under different 
self-temperatures of the SUTs 
 
3) SUT’s Impedance Derivation 
For the evaluation of the SUTs’ impedance, we took into 
account the influence of the ECE, the CC-VCS current-sense 
coaxial cable and the oscilloscope’s input impedance. Fig. 4 
shows the corresponding equivalent electrical circuit of the 
measurement setup. The extender ECE was considered a 
lossless transmission line, represented by the CECE/2 −  LECE −
CECE/2  π-branch, where CECE/2 – half the ECE’s shunt 
capacitance  CECE and  LECE – ECE’s series inductance. We 
represented the CC-VCS coaxial cable by its shunt capacitance 
CCC and the input impedance of the oscilloscope – by the 
resistance RSCOPE and capacitance CSCOPE. The values of the 
elements CECE, LECE and CCC were measured with an RLC 
meter, and these of RSCOPE and CSCOPE were taken from the 
oscilloscope datasheet. 
Besides the known elements of the schematic considered, the 
rest of the input data to solve for ZSUT were the magnitudes of 
and the phase shift between the measured voltages V10 = VIN 
TABLE I 
SUTS DIMENSIONS 
Sample 
Mass a 
[ g ] 
Diameter a 
[ mm ] 
Width / Thickness b (min ÷ max) 
[ mm ] 
Height a 
[ mm ] 
Cross section c 
[ mm2 ] 
Volume c 
[ mm3 ] 
side40 9.3 - 28 / (1.75 ÷ 6.25) 20 96.83 1936.67 
mid40 16.5 14.79 - 20 171.80 3436.02 
side50 19.4 - 32 / (3 ÷ 9.25) 25.12 164.79 4139.51 
mid50 36.8 19.95 - 25.12 312.59 7852.27 
a quantities taken by measurements; b manufacturer data; c calculations based on the measured quantities 
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and V20 = VCS. To fasten measurements and calculations, we 
saved the respective waveforms to a USB storage device in 
comma-separated value format. At a later stage, we used a 
Matlab code specially prepared for the purpose that implements 
fast Fourier transform of the two signals, extracts the needed 
quantities and uses them to calculate the concrete value of ZSUT. 
The expression of the SUT’s impedance itself was derived 
applying the Kirchhoff’s laws for the circuit in Fig.4 
 
 ZSUT = 1 [{1 (V32/I2 )⁄ } - (jωCECE/2)]⁄  (2) 
 
where 
 
 I2=IL-I1=V20[(1/RCS)+jω(CCC+CSCOPE)+(1 RSCOPE⁄ )]-(V10-
V20)jωCECE/2  (3) 
 
 V32=V10-V20- V13=V10-V20-I2∙jωLECE. (4) 
 
In (2), (3) and (4) j = √-1 is the imaginary unit, ω = 2πf – 
angular frequency (f - frequency). In (3) and (4) V10= VIN and 
V20= VCS are complex valued. Therefore, in (2), (3) and (4) V32 
and I2  are also complex valued. 
 
 
 
Fig. 4.  Equivalent electrical circuit of the measurement setup 
 
In [26] the utilized measurement approach was examined by 
measurements of a 10 nF precise capacitor, a value similar to 
that of the samples measured here. By directly soldering the 
capacitor under test to the cables and the current sense resistor, 
shown in Fig. 2 (i.e. between nodes 1 and 2 in Fig.4), its 
impedance was measured up to 50 MHz. By comparing the 
measured impedance with that given in the capacitor’s data, we 
detected small parasitic inductance and resistance added in 
series with the capacitor under test. 
However, in the work presented in [26] ferrite samples were 
not measured. Therefore, the measurement setup presented 
there had to be further developed in order to allow 
measurements of the target ferrite samples. Apart from 
providing an electrical contact between the samples and the 
measurement setup, the main differences between the setup 
presented here and the one presented in [26] relate to the heating 
system discussed in the previous subsection. The heating 
system imposes requirements on the realization of the sample 
holder and the use of an electrical connection extender, which 
effectively changes the equivalent electrical circuit of the 
measurement setup. 
III. MEASUREMENT RESULTS AND EQUIVALENT ELECTRICAL 
CIRCUIT MODELING 
A. Equivalent Electrical Circuit Modeling of Mn-Zn Ferrites 
Dielectric Properties 
Decades ago, an initial study on Ni-Zn ferrites showed that 
their dielectric properties might be modeled by a series 
connection of two paralleled, constant-valued RC pairs 
(R||C+R||C). These RC pairs were explained that they reflect 
the contributions of the grains and grain boundaries, 
respectively [27]. Ever since, this circuit has been used when 
evaluating dielectric properties of various types of ferrites [18], 
[28]-[30]. The circuit is linked to Maxwell-Wagner effect [30] 
that accounts for interfacial polarization relaxation processes. 
The latter are typical of dielectrics and structures build of 
different types of materials such as metal-insulator, insulator-
semiconductor, etc. where the current must pass the interface 
between the two [31]. R||C+R||C is a basic structure in 
analyzing dielectric properties of such materials and the values 
of the corresponding elements are determined by fitting the 
measured impedance data. 
B. Equivalent Circuit Models of the Side Legs 
On the one hand, from the impedance responses of all the 
SUTs measured at all temperatures (given later in Figs. 6 and 9 
with marker traces), it was noticed that results related to the side 
legs seemed to be free of resonance occurrences below 10 MHz. 
On the other hand, in the results related to the middle legs there 
was a pronounced resonance behavior at about 1 MHz that 
strongly suggested an influence of a dimensional resonance. 
Since the side legs impedance responses were smoother and no 
dimensional effect was obvious, we took these results as a basis 
for the equivalent circuit modeling. 
In [27], [29] there were deviations between the measured 
dependencies and those modeled by the R||C+R||C circuit. In 
[29] it was suggested that more circuit elements had to be used 
to improve accuracy. At an early stage of our research, we also 
tried the same structure but it appeared that it would only work 
in a frequency range from dc up to several hundreds of kHz. 
The next attempt was to use one R||C+R||C leg to model the 
low frequency region paralleled with the same structure for the 
high frequency (HF) range. However, in the HF leg an extra 
series RC pair had to be added. As a result, the obtained models 
of all the samples, despite having impedance responses that 
well fitted the measured ones, became too complicated. In 
addition, the various parameters related to a given sample at 
different temperatures took different values without any logical 
dependence on their change. 
Eventually, the examined samples were found to exhibit 
constant phase impedance. In the R||C+R||C circuit, proposed 
in [27], constant phase elements (CPEs) appear in place of the 
capacitances. The CPE is an element that describes an imperfect 
capacitor. It is often denoted by the letter Q and has an 
impedance ZQ(ω)=1/[(jω)
nQ ], where n ∈ (0;1); the 
corresponding unit is sn/(Ω.cm2) or F/(s(1-n).cm2) [32], [33]. 
The obtained equivalent electrical circuit of the measured 
impedances referring to the side legs is shown in Fig.5. We 
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determined the values of the respective elements, given in Table 
II, by fitting the measurement results, discussed later in the 
section. The results obtained are given in Fig. 6 – experimental 
data is plotted using markers, and the corresponding modeled 
dependencies are plotted using lines. 
 
 
Fig. 5.  Equivalent electrical circuit model regarding the impedances related to 
the side legs. Left hand side part is the equivalent circuit of a side leg, and the 
right hand side part contains parasitics, arising from an imperfectness of the 
measurement setup. 
 
In Fig.5, the electrical circuit is split into two parts. The left 
hand side part (RGB||QGB+RG||QG) presents the model related to 
the side legs impedances, and the right hand side part we 
assume to arise from an imperfectness of the measurement 
setup. An influence of these parasitic components is present in 
all the measured impedance responses (Figs.6 and Fig. 9). The 
inductance Ladd is responsible for the resonance that appears 
beyond 10 MHz. The magnitude of the measured impedances 
at this resonant point is limited by the parasitic resistance Radd. 
The inductance Ladd varies with samples in the range 30-37 nH. 
It may be explained with the short wires that connect the ECE 
with the samples’ copper terminals as well as with the copper 
terminals themselves. The resistance Radd seems to keep a 
constant value of 5 Ohms. The capacitor impedance 
measurement, mentioned in Section II, showed a parasitic series 
resistance of approximately 1 Ω. In the case of the SUTs 
impedance measurements, this series resistance is 5 times 
higher and we partly ascribe it to all the wires in the 
measurement setup. Notwithstanding, part of Radd may also 
appear as a result of contact resistances at the interfaces silver 
paint-sample surfaces, which were noticed to deteriorate 
somewhat with time. 
From the graphs, given in Fig.6, it may be seen that, in terms 
of magnitude, there is a good agreement between experimental 
and modeled impedances. In the case of phase angle, some 
discrepancies are observable at 25°C, which may be attributed 
to the high variation in electrical properties at low temperatures. 
1) Considerations Regarding the Determination of the Values 
of the Equivalent Circuit Model Elements 
The most crucial step to the fitting procedure is the 
determination of the proper equivalent electrical circuit. Once 
the RGB||QGB+RG||QG circuit and the presence of the parasitics 
Ladd and Radd were recognized, the values of the building 
elements had to be determined. This determination had been 
preceded and refined throughout the modeling by identifying 
the dependencies relevant to the measurement setup and the 
nature of the material under test. Firstly, such dependencies 
relate to Ladd and Radd. The same measurement setup was used 
for the measurements of all the four samples. However, there 
were small changes in the length of the conductors connecting 
the ECE with the different samples’ copper terminals. These 
changes lead to finite changes of the inductance Ladd. Hence, 
Ladd should take different value for each of the samples tested. 
However, it is reasonable that Radd is not sensitive to these small 
length changes. Therefore, Radd should remain constant. In 
addition, Ladd and Radd should be independent of temperature. 
The other dependencies relate to the RGB||QGB+RG||QG 
circuit elements. Grain boundaries are the main contributor to 
the high resistivity of Mn-Zn ferrites at low frequency. With the 
frequency increase grain boundaries’ capacitance becomes 
short-circuited [16], [34] and the material conductivity tends to 
reach the grains’ conductivity only at higher frequencies [18]. 
Thus, the RGB||QGB pair influences the low-frequency region 
and the RG||QG pair is significant for the high frequency range. 
From the impedance responses measured, see Fig.6, it is noticed 
that the major changes due to variation in temperature happen 
at low frequencies, and at higher frequencies there is very weak 
temperature dependence. Therefore, it is assumed that the 
observed temperature dependence of the measured impedances 
is an attribute of the grain boundaries and there is no 
temperature dependence of the grains’ contribution. Thereon, 
the RGB||QGB elements should change their values and those of 
RG||QG elements should remain constant. 
Based on these assumptions, the values of the equivalent 
circuits’ elements are determined through iterations. The 
determination may be performed by the use of software 
specialized for analysis and simulation of impedance spectra 
[35]. Thereafter, an error estimation was carried out using the 
equations 
TABLE II 
VALUES OF THE ELEMENTS OF THE EQUIVALENT CIRCUIT MODEL REGARDING THE SIDE LEGS, GIVEN IN FIG.5 
 
  
RGB 
[ Ω ] 
QGB 
[ sn/(Ω.cm2) ] 
nGB 
[ - ] 
RG 
[ Ω ] 
QG 
[ sn/(Ω.cm2) ] 
nG 
[ - ] 
Ladd 
[ nH ] 
Radd 
[ Ω ] 
si
d
e 
4
0
 25°C  2074 2.0 x 10
-8 79/90 3.5 0.9 x 10-9 89/90 30 5 
85°C  568 2.4 x 10-8 79/90 3.5 0.9 x 10-9 89/90 30 5 
100°C  461 2.4 x 10-8 79/90 3.5 0.9 x 10-9 89/90 30 5 
120°C  330 2.4 x 10-8 79/90 3.5 0.9 x 10-9 89/90 30 5 
si
d
e5
0
 
25°C  670 2.9 x 10-8 79/90 6.5 0.9 x 10-9 89/90 37 5 
85°C  200 3.7 x 10-8 79/90 6.5 0.9 x 10-9 89/90 37 5 
100°C  144 3.7 x 10-8 79/90 6.5 0.9 x 10-9 89/90 37 5 
120°C  105 3.7 x 10-8 79/90 6.5 0.9 x 10-9 89/90 37 5 
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 errθ=
θmeas-θmodel
θmeas
×100% , err|Z|=
|Z|meas-|Z|model
|Z|meas
×100%, (5) 
 
where errθ and err|Z| - estimated phase and magnitude errors, 
θmeas and |Z|meas – measured phase and magnitude, and θmodel 
and |Z|
model
 – modeled phase and magnitude, respectively. The 
error err|Z| approximately varies in the range +/- 10%. The error 
errθ is +/- 20% in the range 30 kHz ÷ 10 MHz. Below 30 kHz, 
errθ could become more than 60%. This is assumed to be due 
to the very little phase shift between the input voltage VIN and 
voltage across the current sense resistor VCS at these low 
frequencies, which challenges the finite resolution of the 
oscilloscope. For frequencies above 10 MHz there also are 
greater errors in terms of phase angle, but, as will be seen later, 
these are not an issue regarding the dielectric properties 
extraction. 
C. Equivalent Circuit Models of the Middle Legs 
Impedances of the middle legs may also be modeled by the 
use of the circuit considered (Fig. 5), where the building 
elements would then take different values. However, our 
approach was to use the already available side legs equivalent 
circuits for the purpose. This approach is justified by the 
following. Firstly, the side40 and mid40, as well as side50 and 
mid50 samples have same cores of origin. Therefore, it is 
somehow guaranteed that each of the two sample pairs share 
same material properties. Secondly, the middle leg cross section 
of the experimental cores is approximately twice as large as that 
of the respective side leg (the same holds true for the respective 
volumes relation). Then, by connecting in parallel two identical 
side leg equivalent circuits, we would get the model of the 
respective middle leg. Thirdly, the use of the side legs models 
to build the respective middle legs equivalent circuits could 
prove the correctness of the side leg ones. 
However, the pronounced resonance behavior visible in the 
measured middle legs impedances suggested an influence of a 
magnetic field during measurements. Therefore, in modeling 
the middle legs we took into account the magnetic properties of 
the samples. Since the magnetic field should evolve in the 
volume of the measured samples, we looked at the internal 
inductance that characterizes them. These are cylinders and the 
equation is that of a solid rod 
 
 Lint=
μrμ0h
8π
 (6) 
 
where Lint – internal inductance of the sample; µr – relative 
Fig. 6.  Magnitude and phase of the impedances related to the side legs with temperature as independent parameter: markers – measurement results; lines – 
dependencies, modeled by the equivalent electrical circuit given in Fig.5 and the corresponding values given in Table II. 
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7 
permeability of the material; µ0– permeability of free space; h 
– height of the sample. 
In the frequency range under consideration, the magnetic 
permeability undergoes significant changes both in terms of 
real and imaginary parts. To account for this fact, in (6) we 
substitute μ
r
 with the frequency dependent series complex 
permeability μ
ṡ
( f )= μ'
s
( f )-jμ''
s
( f ), where μ'
s
( f ) and μ''
s
( f ) – 
frequency dependent real and imaginary parts of permeability. 
The substitution leads to a lossy internal inductance – a series 
LR circuit wherein L represents the internal inductance, 
resulting from the material permeability, and R the respective 
magnetic loss. The corresponding expressions are 
 
 Lμ'  ( f )=
μ0h
8π
μ'
s
( f ) (7) 
 
 Rμ'' ( f )=
μ0h
8π
ωμ''
s
( f ) (8) 
 
where Lμ'  ( f ) and Rμ'' ( f ) – reactive and resistive series 
components of the frequency dependent internal lossy 
inductance. 
The complex permeability may vary from core to core [36]. 
In order to compare different permeability cases in modeling 
the influence of the frequency dependent internal inductance, 
we took data from three sources – two regarding the N87 
material [37], [38] and one regarding the DMR44 ferrite [39]. 
The respective permeability dependencies are plotted in Fig. 7 
wherein negative values of the real part appear. References 
[40], [41] state that this behavior of the real part of permeability 
occurs due to spin and domain wall movements, i.e. it is an 
intrinsic magnetic property of the ferrite material and not an 
effect of the electrical properties of the cores measured. 
 
 
Fig. 7.  Real and imaginary part of the complex permeability used in the 
modeling of the middle legs impedances 
 
Finally, the arrangement of the equivalent circuit model of 
the middle legs is shown in Fig. 8, located in the left hand side 
region of the schematic. In the right hand side region, there are 
the already commented parasitics. The values of the newly 
introduced elements are given in Table III, wherein Ladd and Radd 
values are obtained by the fitting procedure already discussed. 
 
Fig. 8.  Equivalent electrical circuit regarding the impedances related to the 
middle legs. Left hand side part is the equivalent circuit of a middle leg, and the 
right hand side part contains parasitics, arising from an imperfectness of the 
measurement setup. The values of the elements RGB, QGB, nGB, RG, QG, nGB 
regarding each of the middle legs are those of the respective side leg (e.g. to 
model the mid40 impedance the respective values of the side40 sample have to 
be used). 
 
Fig. 9 illustrates the experimental data (markers) along with 
results of modeling (lines). The latter are obtained by the circuit 
given in Fig. 8 and the values given in Tables II and III, where 
the three permeability cases at the 25°C temperature regime are 
considered. As it can be seen in Fig. 9, there is a good 
overlapping between experimental and modelled impedances at 
least up to about 1 MHz, which suggests that in this frequency 
region ‘true’ electrical properties are properly determined by 
the models of the side legs. Regarding the pronounced 
resonance behavior, it is obvious that the internal inductance 
may explain it and that a good overlapping depends upon the 
concrete value of the complex permeability. Parenthetically, 
another approach to model middle legs impedances was also 
found. It is possible to put the lossy inductance in series with 
the parasitics. However, it only works given the lossy inductor 
circuit is divided by two – then the results are essentially the 
same. 
IV. AC CONDUCTIVITY AND PERMITTIVITY OF N87 
A. Extraction of Electrical Properties 
With the prepared measurement setup, we have the samples 
put in a parallel plate capacitor arrangement. As such, for the 
evaluation of the electrical properties we use the relevant 
mathematics that is based on the measured capacitance 
TABLE III 
VALUES OF THE ADDITIONAL ELEMENTS OF THE EQUIVALENT CIRCUIT 
MODELS RELATED TO THE MIDDLE LEGS AT 25°C. THE VALUES OF 
μ'
s
( f ) AND μ''
s
( f ) ARE TAKEN FROM [37-39] 
 
Lμ'  ( f ) 
[ H ] 
Rμ''  ( f ) 
[ Ω ] 
Ladd 
[ nH ] 
Radd 
[ Ω ] 
m
id
4
0
 
μ
0
hmid40
8π
μ'
s
( f ) 
μ
0
hmid40
8π
ωμ''
s
( f ) 30 5 
m
id
5
0
 
μ
0
hmid50
8π
μ'
s
( f ) 
μ
0
hmid50
8π
ωμ''
s
( f ) 37 5 
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 C= ε0εrA h⁄ , (9) 
where ε0 - dielectric constant of free space; εr- relative 
permittivity of the ferrite; A - cross-sectional area of the sample; 
h - height of the sample. Due to the large dielectric constant of 
the ferrite, the lack of guard electrode may be ignored and the 
ideal capacitor equation (9) directly applied [19], [23]. 
Taking into consideration the dielectric constant and finite 
conductivity of the material, in (9) εr has to be substituted with 
εr=εr
' -jεr
'', where εr
'  – dielectric constant and εr
'' – dielectric loss 
factor of the material. Then, the impedance of a sample 
becomes 
 
 ZC= 1 (jωC)⁄ = h (jωε0εrA)=⁄ h [(jωε0A)(εr
' -jεr
'')]⁄ . (10) 
 
In determining the electrical properties, it is more convenient 
to use the admittance instead of impedance. Then, taking the 
reciprocal of (10), the expression of the admittance is 
 
 YC = 1 ZC⁄ = jωε0(εr
' -jεr
'')A h⁄  (11) 
 
When removing the brackets in (11), real and imaginary parts 
of the admittance are formed 
 
 YC = (ωε0εr
''A) h⁄ +j (ωε
0
εr
' A h)⁄ , (12) 
hence the real part is 
 
 YC
' = ωε0εr
''A h⁄  (13) 
 
and the imaginary part is 
 
 YC
" =  ωε0εr
' A h⁄ . (14) 
 
Thus (13) represents the conductance associated with the 
dielectric loss in the material, which is related to the 
conductivity by σ = ωε0εr
'', and (14) – the capacitor susceptance 
determined by the material dielectric constant. 
In that way, for the ferrite under investigation, we transform 
the impedances obtained to admittances and express the latter 
in terms of real and imaginary parts to determine the 
conductivity 
 
 σ = Y' h / A, [S/m] (15) 
 
and permittivity 
 
 εr
' = Y''h/(ωε0A), [-] (16) 
Fig. 9.  Magnitude and phase of the impedances related to the middle legs with temperature as independent parameter: markers – measurement results; lines 
– dependencies, modeled by the equivalent circuit given in Fig. 8 and the respective values from Tables II and III. 
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9 
where A and h are the samples' cross section and height 
respectively. 
For the properties extraction, we use the results obtained 
from the side legs, which seem to meet the requirement for 
avoiding occurrence of a dimensional resonance. In addition, 
we use the respective models derived, ignoring the parasitics 
Ladd and Radd. Thus, referring to the RGB||QGB+RG||QG circuit and 
(15), the mathematical expression of the conductivity is 
 
 σ = Re (
1
1
1
RGB
 + QGB(jω)
nGB
 + 
1
1
RG
 + QG(jω)
nG
) ∙h A⁄  (17) 
 
and by using (16) the expression of the dielectric constant 
becomes 
 
 εr
' = Im (
1
1
1
RGB
 + QGB(jω)
nGB
 + 
1
1
RG 
+ QG(jω)
nG
) ∙h (ωε0A)⁄ , (18) 
 
where the values of the corresponding quantities regarding 
each of the side legs are given in Tables I and II. 
B. Extracted AC Conductivity and Permittivity of N87 
In Fig.10, graphs of the extracted electrical properties are 
shown, where for clarity of illustration only two temperature 
regimes are regarded. The low frequency conductivity of 0.1 
S/m of the PQ 40 material exactly corresponds to the 10 ‧m 
dc resistivity of N87, as specified by the manufacturer. On the 
other hand, the observed large dielectric constant, which is 
explained to result from the mixed structure of low resistivity 
grains and thin grain boundaries that act as large capacitances 
[18], is typical of Mn-Zn ferrites [34] and consistent with the 
data available in the literature [16], [17], [24], [25]. 
The next section looks at the frequency range of validity of 
the extracted permittivity and conductivity, which is then 
followed by a discussion on the extracted properties 
themselves. 
V. DISCUSSION 
A. Validity of the Extracted Properties and Equivalent 
Circuit Models 
Having once obtained the electrical properties, we may look 
at the skin depth of the ferrite and wavelength in it, which are 
plotted in Fig.11. The equations we use for their determination 
are those resulting from the complex wave number formula [42] 
 
 δ=1/√
μεω2
2
∙ [√1+ (
σ
εω
)
2
-1] (19) 
 
 λ=2π/√
μεω2
2
∙ [√1+ (
σ
εω
)
2
+1] (20) 
 
where δ – skin depth, λ – wavelength, μ – absolute 
permeability (μ=μ
0
μ
r
), ε – absolute permittivity (ε=ε0εr
' ), σ – 
conductivity and ω – angular frequency. In calculating (19) and 
(20), we use the frequency dependent electrical properties 
obtained by the models and the frequency dependent absolute 
value of the complex permeability of the three cases plotted in 
Fig.7. 
From Fig. 11, we may deduce that the exact value of 
permeability is not as influencing the skin depth as the dielectric 
constant. The higher permittivity (and conductivity) material of 
the PQ 50 core is characterized by smaller skin depth. On the 
other hand, the frequency dependence of the wavelength in both 
materials is quite similar regardless of the differences in 
electrical and magnetic properties. 
If we think in terms of skin depth, it follows that eddy 
currents in side legs could not evolve since half the largest cross 
section dimension of the PQ 40 side leg is 3.125 mm and that 
of the PQ 50 side leg is 4.625 mm, where in both cases this 
dimension progressively decreases (to 0.875 and 1.5 mm, 
respectively). Correspondingly, in the PQ 40 middle leg we 
may expect that eddy currents might occur beyond 6 MHz and 
in the PQ 50 middle leg – beyond about 1 MHz, given the 
radiuses of their cross sections are 7.395 mm and 9.975 mm, 
respectively. However, the obtained results related to both 
Fig. 10.  Frequency dependence of ac conductivity and dielectric constant of N87 ferrite with temperature as independent parameter. The electrical properties’ 
dependencies are extracted from the obtained side legs’ model, presented in Fig.5, and the respective values given in Tables I and II. 
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10 
middle legs showed resonance behavior appearing at much 
lower frequencies and the corresponding models confirmed an 
influence of a magnetic field. 
Before we proceed with the discussion, let us first look at Fig. 
12 which shows the already considered middle legs impedance 
responses at 25°C. Along with them, in Fig. 12 new curves are 
introduced that reflect the cases of no influence of an internal 
inductance. These curves are based on the schematic given in 
Fig. 8 and the values from Tables II and III, but the internal 
lossy inductance elements are omitted in the middle legs model 
(the parasitics are still considered). Then, in comparing the 
results with and without internal inductance, we see that the 
dimensional effect starts taking place at about 200 kHz and 300 
kHz in the cases of the mid50 and mid40, respectively. Now, 
Fig. 11.  Skin depth of and electromagnetic wavelength in N87 ferrite material, obtained by the extracted electrical properties and the three permeability 
cases plotted in Fig.7. 
 
Fig. 12.  Magnitude and phase of the impedances related to the middle legs: markers – measurement results; lines – dependencies, modeled by the equivalent 
circuit given in Fig. 8 and the respective values from Tables II and III. The “no internal inductance” lines correspond to the case when the Lµ’ ( f )+Rµ’’ ( f ) 
branches in the middle legs model given in Fig.8 are omitted. 
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when we look at the wavelength, given in Fig. 11, we see that 
at these points it is about 90 mm and 70 mm. We divide them 
by the diameters of the samples and get the factor of about 4.5. 
To put it in other words, a sample thickness has to be 4.5 times 
smaller than the wavelength for the magnetic field not to 
manifest itself in the sample during electrical properties 
measurements. 
Now, looking at the side legs, let us consider their thickness. 
It varies along the width of the cross sections and a compromise 
is to take the average value. Thus, we get 4 mm thickness of the 
side40 sample and 6.125 mm thickness of the side50 sample. 
Then, we may assume that ‘true’ electrical properties of the PQ 
40 material are extracted at frequencies of up to 1 MHz and up 
to 700 kHz with the PQ 50 material. Hence, the validity of the 
equivalent circuit models of the side legs in terms of the 
intrinsic properties of the materials is retained at frequencies up 
to the points mentioned above. 
This assumption may be supported by another consideration. 
In [21], [23], [24] it may be seen that the deviations of the 
apparent properties from the intrinsic ones are accompanied by 
a characteristic peak followed by drooping in the permittivity 
response. In the case of the side legs, there is a small cross-
sectional area of large thickness. Thus, the influence of the 
magnetic field seems to be not that pronounced and hence not 
visible in the measured impedances. Still, in the obtained 
dielectric constant dependencies, there is a drooping in the 
responses at above 1 MHz in the case of the PQ 50 material and 
at above about 2 MHz in the case of the PQ 40 material. In this 
regard, we may consider these frequencies as critical limits 
above which the properties extracted are already far from the 
intrinsic ones. 
The dimensional effects observed in the samples may also be 
expected to arise in normal excitation mode, when the 
considered samples’ thickness will then allow the evolution of 
an E-field and a corresponding influence of the electrical 
properties. Consequently, it is possible that the E-field may 
have an influence on the core loss even at frequencies below 1 
MHz. 
B. Material Properties 
Beyond 50 kHz, a serious increase in the conductivity of the 
N87 is observed, see Fig.10. With an increase in the 
temperature, the conductivity temperature sensitivity decreases. 
Comparing the obtained properties of the two investigated 
ferrites, we see a significant difference, namely the material of 
the PQ 50 core has twice the dc conductivity of the PQ 40 ferrite 
and although much less pronounced, larger dielectric constant. 
Since we know this is not a dimensional resonance, it means the 
two materials do possess different electrical properties – 5% 
difference in terms of permittivity at dc and 100% difference in 
terms of conductivity. The cores of origin used in the 
experiments obviously were from different production batches 
(they do not have the same size), which we may assume as the 
source of the differences observed (different production 
conditions). In any case, the results obtained clearly show that 
particular measurements of the electrical properties are needed 
for a more accurate prediction of the core loss due to E-field. 
C. The Equivalent Electrical Circuit Models and their 
Implementation in Circuit Simulators 
The constant phase impedance behavior exhibited by the 
examined ferrites is found to be observable in other types of 
ferrites too [43]-[45]. While the RGB||QGB+RG||QG equivalent 
circuit considered is particularly suitable for modeling of 
electrical properties, it is not suitable for SPICE based 
simulators, wherein the parameters have to be transferred from 
the frequency domain to the time domain [46], [47]. For this 
purpose, an approximation has to be done which often involves 
equaling a single R||Q pair to a number of RC pairs [47], [48]. 
VI. CONCLUSION 
In this paper, a procedure for the extraction of intrinsic ac 
conductivity and permittivity of N87 Mn-Zn ferrite was 
discussed. The procedure is based on equivalent electrical 
circuit modeling of measured samples’ impedances. The 
validity of the intrinsic dielectric properties extracted was 
examined. The results obtained show that the same ferrite grade 
may come with significant differences in conductivity. 
The influence of the sample shape in the 
conductivity/permittivity measurements of a Mn-Zn ferrite was 
illustrated. Through considering the dimensional resonance 
phenomenon from an electrical circuit point of view, it was 
shown that an internal lossy inductance added to the equivalent 
electrical circuit of thinner samples could model the impedance 
behavior of comparatively large cylindrical samples at 
frequencies near the MHz range. The internal lossy 
inductance’s equivalent circuit is derived based on the 
frequency dependent complex permeability. This confirms an 
evolution of a magnetic field in the volume of the samples when 
E-field is applied across the latter. This effect of dimensional 
resonance appears when the smallest lateral dimension of the 
sample is greater than or equal to 4.5 times the wavelength in 
the material. 
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